This study investigates the impact of different soil and water conservation (SWC) technologies on the variance of crop production in Ethiopia to determine the risk implications of the different technologies in different regions and rainfall zones. Given the production risks posed by climate change, such information can be used by decision makers to identify appropriate agricultural practices that act as a buffer against climate change. Results show that SWC investments perform differently in different rainfall areas and regions of Ethiopia and that the effectiveness of technologies such as irrigation, fertilizer, and improved seeds often depends on whether these investments are coupled with SWC measures. These results underscore the importance of the selection of appropriate combinations of technologies and careful geographical targeting when promoting and scaling up SWC technologies for adaptation to climate change.
Introduction
Awareness of climate change and concerns about its longterm impacts on the planet and human existence have dramatically increased among scientists, policymakers, and the general public (IPCC, 2001 (IPCC, , 2007 . Developing countries that rely heavily on agricultural production as a source of livelihood and economic growth are particularly vulnerable to the negative impacts of climate change (Kates, 2000; Kurukulasuriya et al., 2006; McGuigan et al., 2002) . Increases in droughts, floods, and other extreme events in Africa will add to stress on water resources, food security, human health, and infrastructure and will constrain development in this region (IPCC, 2001) . Failure of farmers to adapt to such changes would likely have significant negative effects (Mendelsohn et al., 1994; Rosenzweig and Hillel, 1998) .
Ethiopia is characteristic of many countries in the region with high levels of poverty and food insecurity, and low infrastructure development. Land degradation, a severe problem throughout much of sub-Saharan Africa, is also prevalent in Ethiopia. Soil * Corresponding author. Tel.: (202)-862-8193; fax: (202)-467-4439.
E-mail address: E.Kato@cgiar.org (E. Kato). erosion in Ethiopia is estimated to average 42 tons per hectare per year on cultivated land in the highlands (Hurni, 1998) , one of the highest rates of soil nutrient depletion in the region (Stoorvogel and Smaling, 1990) . In addition to the development and environmental challenges the country already faces, given Ethiopia's dependence on natural resources and agriculture, the adverse effects of climate change on the agricultural sector pose great risks to economic growth and the livelihoods of poor farmers throughout the country (WDI, 2009) .
Promotion of soil and water conservation (SWC) technologies has been suggested as a key strategy to alleviate growing water shortages, worsening soil conditions, and drought and desertification and to adapt to the negative impacts of climate change (Kurukulasuriya and Rosenthal, 2003) . Although SWC technologies are generally low-cost interventions, they can still be too risky for very low-income, risk-averse households, which are typical in rural Ethiopia (Dercon, 2004; Yesuf and Bluffstone, 2009) . Thus, in the adoption of technologies, farmers consider not only impacts on crop yields but also risk effects.
1 SWC techniques are already being used in many areas 1 In this article, we use the concept of production risk to refer to yield variabilities associated with changes in rainfall over time. We use risk, production risk, climate risk, weather risk interchangeably to refer to production risk. to adapt to the drier, degraded conditions brought on in part by changes in climate. According to a household survey conducted in 2004/2005, more than 30% of farmers reported using SWC as strategy to adapt to perceived climate changes in the Nile basin area of Ethiopia over the last 20 years (see Deressa et al., 2008 for details) .
Most available empirical studies have concentrated on investigating the impacts of SWC technologies on crop production in the Ethiopian highlands (Kassie et al., 2008a; Pender et al., 2001; Pender and Gebremedheni, 2007) , but very few studies have looked at the impacts of SWC technologies on production risk (Byiringiro and Reardon, 1996; Kaliba and Rabele, 2004; Kassie et al., 2008b; Shively, 1998 Shively, , 2001 . These earlier works used stochastic dominance, a nonparametric method that does not control for many factors that condition plot and household level heterogeneity and also does not account for the endogeneity of these technologies. They are also limited in spatial scope, focusing mainly on a single agroecology, making inferences to other agroecologies a difficult task. This study addresses the methodological limitations of the existing literature, and provides insights, which can be used to improve geographical targeting of SWC techniques across agroecological zones by policymakers, extension agents, nongovernmental organizations, and other development agencies as part of an effort to promote adaptation to climate change at the farm level.
Description of study area and data

Study area
The study area covers five regions: Tigray, Amhara, Oromiya, Benishangul-Gumuz (BG), and the Southern Nations, Nationalities, and Peoples Region (SNNPR), which cover the key agricultural production areas in the country. Amhara is the largest region in the Nile basin of Ethiopia, covering 38% of the total area, followed by Oromiya (24%), BG (15%), Tigray (11%), and SNNPR (5%), according to the Ethiopian Ministry of Water Resources (1998) .
Typical SWC technologies used in our study sites include soil bunds, stone bunds, grass strips, waterways, trees planted at the edge of farm fields, contours, and irrigation (chiefly from waterharvesting structures). Both soil and stone bunds are structures built to control runoff, thus increasing soil moisture and reducing soil erosion. Considering it is costly to protect wide areas of land with soil and stone bunds and difficult to construct continuous bunds, alternative methods of erosion control are being employed as well, including grass strips and contour leveling, sometimes with trees or hedgerows. Grass strips reduce runoff velocity, allowing for water to infiltrate and trap sediments. Waterways help to direct precipitation flows along specified pathways into farm fields. Water-harvesting structures include dams, ponds, and diversions to ensure water availability during the dry season.
Data
The data used in this study were collected between December 2004 , with 50 households selected in each woreda. The survey collected detailed, plot-level information on production inputs and outputs and covered a total sample size of 1,000 households with 6,000 plots. Historical rainfall data for the period 1961-2000 were also collected from the Climate Research Unit of East Anglia database to impute climatic risk variables. Our survey area was conducted in three different agroecologies, including Dega (highland, 2,500-3,500 m a.s.l.), Kolla (low land, 500-1,500 m a.s.l.), and Weynadega (middle land, 1,500-2,500 m a.s.l.). Based on an assessment of rainfall patterns in the country, we used a cutoff point of 1,010 mm to characterize our households in these three different agroecologies as high and low rainfall. Farmers in our study sites use different combinations of SWC measures. For example, physical structures such as stone and soil bunds are common in low-rainfall areas as they provide moisture conservations benefits. On the other hand, waterways and contours are common in high-rainfall areas to reduce runoff. For details on the sample design and sampling procedure used in the study, see Deressa et al. (2008) .
Theoretical and empirical approach
Theoretical approach
Following Koundouri et al. (2006) , we assume that farmers are risk averse and utilize a vector of SWC inputs, S, and other inputs, which are captured by vector X, to produce a given level of output, y. The production function is assumed to be well behaved, continuous, and twice differentiable.
Given the presence of both input and output market imperfections, a household's production decisions are conditioned by farm and household endowments, H 3 . The household incurs production risk because crop yield is affected by uncertain climatic conditions. This risk is captured by a random variable, ε, whose distribution G(·) is exogenous to the household's actions. a price vector of SWC. Farmers are assumed to be price takers in both markets. 4 The prices are assumed to be nonrandom and hence climatic variables are the only source of uncertainty. A household's objective is to choose optimal levels of standard and SWC inputs so as to maximize utility from farm income (ω).
U(·) is the von Neumann-Morgenstern function. The first order condition for the soil conserving and conditioning input choice is given by the following:
where U' is marginal utility of farm income. For risk-neutral households, the second term in the right-hand side of Eq. (3) will disappear and adoption of SWC technology will depend on the traditional marginal conditions. In the absence of risk and market imperfections, the optimal solution for the SWC adoption would depend mainly on input and output prices. However, in the presence of production risk and market imperfection, the optimal solution would also depend on the shape of functions U(·), f (·), and G(·), and household endowments. For risk-averse households, the second term on the right-hand side of Eq. (3) is different from zero and it measures deviations from the risk neutrality situation. This specification is not empirically tractable as it requires information on household preferences apart from production technology and the distribution of production risk. In our study, we employed a more tractable specification first developed by Pope (1978, 1979) to analyze the impact of SWC on mean and variance of yield. The Just and Pope parametric approach allows yield-enhancing inputs to have either a negative or a positive effect on the variance of yield by relating the variance of output to explanatory variables in a multiplicative heteroskedastic regression model. The stochastic production function is y = f(X, S, ε), where y is the output; S is the SWC input; X is a vector of other inputs; and ε represents the climate risks that are unknown at planting time. Just and Pope (1978) decomposed the production function into deterministic and stochastic elements as f (X,S,ε) 
e(ε), where h(X,S) > 0, and e(ε) is a random variable with 4 Since Ethiopian farms small in size and individual farms have no capacity to influence market prices, it is fair to assume that they are price takers and to consider price as an exogenous variable. 5 The sample consists of households that are both net buyers and net sellers. Thus, it is reasonable to use the theoretical framework of profit maximization. mean zero and variance h (X,S) . This implies that g(X,S) represents the mean production function, and h(X,S) is the variance of output, where E(y) = g(X,S) and Var(y) = Var(ε) h(X,S) = h(X,S). Given ∂Var(y)/∂S = ∂h/∂S, it follows that ∂h/∂S > 0 implies that S is a risk-increasing input, and ∂h/∂S < 0 implies that S is a risk-decreasing input. This reflects the fact that the Just-Pope specification corresponds to a regression model with a heteroskedastic error term. After choosing a parametric form for g(X,S) and h(X,S), Just and Pope proposed estimating the model either by using a three-stage feasible generalized least squares (FGLS, also called three steps) or by full information maximum likelihood (FIML) estimating g(X,S) and h(X,S) functions simultaneously, with the latter estimator being more efficient than the FGLS.
The Just and Pope framework has been widely used in previous studies (Di Falco and Perrings, 2005; Smale et al., 1998; Widawsky and Rozelle, 1998) . It is applied in this study to investigate the effects of SWC technologies at the plot level on crop production. This analysis provides information on the risk implications of these investments across different rainfall regimes of the Nile Basin in Ethiopia. To account for market imperfections in the study sites, we included plot and household characteristics in the specification, which are captured as part of vector X. Our choice of explanatory variables is guided by economic theory and earlier empirical studies on adoption of farm technologies (Feder et al., 1985; Feder and Umali, 1993) , analyses on agricultural production and intensification (Barrett et al., 2002; Lee and Barrett, 2000; Nkonya et al., 2008; Pender and Gebremedheni, 2007; Vosti and Reardon, 1997) and analyses on the determinants of farm income (Hill, 2000; Lopez and Valdes, 2000; Ruben and Clemens, 2000) .
Empirical model
The empirical model being estimated is of the form y = g(X, S) + h(X,S), where g(X,S) is the mean function and h(X,S)
is the variance function. The Cobb-Douglas specification, which has been frequently used in partial productivity studies (Smale et al., 1998) , is used to estimate the production function. Other functional forms like the translog specification are more flexible and preferred in empirical estimation when the focus of the study is estimating magnitudes of elasticities.
6 However, the focus of this study is to generate qualitative results on risk implications of different SWC measures and a full translog specification with quadratic and interactive terms would create problems of collinearity. To capture some interactive effects that would be estimated in a translog model without over-parameterizing the model and affecting the asymptotic efficiency of the estimations interactions between SWC technologies, which are commonly found in the dataset, were included. The Just and Pope production function was estimated using the more efficient FIML procedure. However, this method failed to achieve convergence for some estimations, especially for the heterogeneous subsample estimations. To circumvent this, the three-stage FGLS procedure outlined by Judge et al. (1982, pp. 416-423) was used. Following this procedure, the first step estimates the mean function g(X,S) using ordinary least squares (OLS); the second step predicts the residuals and then constructs squared residuals; and the third step uses the squared residuals as the dependent variable for the variance function estimation h(X,S) using OLS. The third-stage OLS estimates of the variance function are the main point of interest. A positive coefficient implies risk-increasing effects and, conversely, a negative coefficient implies a risk-decreasing effect of the SWC input on crop output.
The double logarithmic functional form of the Cobb-Douglas specification used in the Just and Pope framework helps to improve normality of the residuals, thus reducing problems of nonlinearity, heteroskedasticity, and sensitivity to outliers (Mukherjee et al., 1998) . The Breusch-Pagan test in the OLS model and the Pagan-Hall test in the IV-2SLS and IV-GMM models all showed the presence of heteroskedasticity. Therefore, the White heteroscedasticity-robust covariance matrix (White, 1980) , which is robust to heteroskedasticity of unknown form was used. Multicollinearity among the variables was not a serious concern since the VIFs were less than 3.0 and the pair-wise correlations were less than 0.5.
Variable specifications
The analysis is implemented at the plot level to capture more spatial heterogeneity and minimize omitted variable bias. The dependent variable for the Cobb-Douglas specification 7 was expressed as value of crop production per hectare. This variable was chosen instead of crop yield because intercropping on the same plot makes estimation of single crop-production functions difficult. This approach of aggregating all crops on a plot into a single measure of value of crop production per acre has been used in many previous plot level-based microeconometric studies in Ethiopia and sub-Saharan Africa (Jansen et al., 2006; Nkonya et al., 2008; Pender et al., 2001; Pender and Gebremedhin, 2007) . Since most households interviewed are subsistence farmers woreda average prices were used to estimate aggregate crop value at the plot level.
Although the focus of this study is on SWC technologies, we also controlled for other plot and household-level factors that are hypothesized to be correlated with observed plot-level crop production. Our choice of explanatory variables was based on economic theory and findings from earlier studies. Plot-level covariates include biophysical characteristics of the plot (e.g., Table 1 Classification of woredas into rainfall regimes by region Low High
Note. The cutoff point between low-and high-rainfall areas is 1,010 mm. Source. Calculated by authors based on long-term average rainfall data.
plot size, soil type, perceived fertility, slope, and soil depth) as well as land tenure. These biophysical characteristics provide a qualitative measure of soil quality. Quantitative soil quality data representing physical, chemical, and biological soil properties as described in other studies (e.g., Doran and Parkin, 1994; Karlen et al., 1998; Larson and Pierce, 1991; Sarrantonio et al., 1996) were not available. In the absence of quantitative measures, qualitative approaches for assessing soil quality have also been suggested in the literature (Garlynd et al., 1994; Harris and Bezdicek, 1994) . In some studies, these qualitative measures were found to be comparable with quantitative measurements (e.g., Liebig and Doran, 1999) . Other plot-level variables include amount of conventional inputs used on the plot (e.g., draft power, fertilizers, purchased seeds, own seeds, family labor, and hired labor). Householdlevel covariates include human capital variables (sex, age, education), and household access to off farm sources of income. SWC measures, vector S, include soil-conditioning land management practices (e.g., fertilizer, manure, and compost), and physical land investments (e.g., soil bunds, stone bunds, waterways, trees, contours, and irrigation). Interactions between the various SWC technologies-those found on a reasonable number of plots to enable meaningful statistical estimation-were also captured.
To control for omitted variables, regional dummies were included as fixed effects. The inclusion of regional dummies controls for some of the unobserved time-invariant characteristics that might be correlated with the dependent variable. It also helps to mitigate the omitted variable bias problem, and controls for the effects of output and input prices, population density, and market access.
Endogeneity and robustness
Due to possible endogeneity of SWC technologies, we used a two-step generalized method of moments estimator (GMM) and the traditional instrumental variables estimator (2SLS). GMM is more efficient than the 2SLS and robust to heteroskedasticity of unknown form as well as to arbitrary intracluster correlations (Wooldridge, 2002) . As shown in the results, we pass the validity of the over-identifying restrictions in the GMM model as shown by the Sargan Test and our excluded instruments are also good predictors of the endogenous explanatory variables as shown by the relevancy F-tests. We did not instrument for SWC interactions due to a lack of sufficient over-identifying instruments in the dataset, which were correlated with SWC technologies but not production. For demonstrate robustness, we present the GMM, 2SLS, and OLS results, as well as results with and without controlling for interaction effects and crop choice. The results appear robust across different estimators and across different controls.
Results and discussion
Descriptive results
Descriptive results are presented in Tables 1-3 . Using historical rainfall data at the woreda level from 1951 to 2000, the woredas sampled in the Nile River Basin of Ethiopia were classified into those receiving high and low rainfall as shown in Table 1 . All the woredas in the Tigray and SNNPR regions in the sample fell into the low-rainfall quantile, while those in Amhara, Oromiya, and BG regions fell into both the low-and high-rainfall quantiles (Table 1) . For the woredas in Amhara, Oromiya, and BG, the data showed highly significant differences in mean rainfall amounts between the low-and highrainfall quantiles (Table 2) , which gave us confidence in the classifications generated. As expected, Tigray appears to be the driest region among the five, and Oromiya's share in the Nile Basin had the highest average rainfall from 1951 to 2000.
The distribution of types of SWC measures is presented in Table 3 . Overall, as expected, stone bunds and soil bunds are common in Tigray and Amhara, whereas waterways are common in Oromia, Amhara, and BG. Trees are used for SWC only in SNNPR, which is also home to some of the few remaining forest resources in the country. Some of the physical soil and stone bunds in Tigray were constructed through food-for-work programs and community labor mass mobilization campaigns (Pender and Gebremedhin, 2006) , whereas others were built through farmers' own initiatives (Hagos et al., 1999; Hagos and Holden, 2006; Kinfe, 2002) .
Further, descriptive analyses in Table 3 reveal that plots in low-rainfall areas have more stone bunds and soil bunds than plots in high-rainfall areas, and those in high-rainfall areas have more waterways and irrigation. It might appear surprising that irrigation is relatively more prevalent on plots in high-rainfall areas. This is explained by the use of rainwater-harvesting structures used as a source of irrigation. These structures require a certain amount of rainfall to be viable; otherwise larger, more costly structures would be required. The presence of more soil bunds and stone bunds in low-rainfall areas suggests that moisture conservation is a larger concern for farmers in these areas than in high-rainfall areas (Pender and Gebremedhin, 2006 ). The descriptive evidence shows a clear spatial heterogeneity regarding the use of SWC technologies, suggesting that different SWC investments perform differently in different regions and agroecological niches. The next section describes the multivariate analyses used to assess the risk implications of the adoption of SWC technologies.
Econometric results
Effects of SWC on mean yield
The econometric results on the effects of SWC technologies on the mean values of crop production are presented in Table 4 . As shown in Table 4 , all SWC technologies considered in this study (stone bunds, soil bunds, grass strips, waterways, trees, and contours) have robust and positive impacts on crop output in low-rainfall areas (both the instrumental variable GMM and OLS estimations), while only waterways and trees have robust positive impacts in high-rainfall areas. Significant positive mean impacts of stone and soil bunds explains why these technologies are more common on plots in low-rainfall areas than in highrainfall areas and is consistent with earlier studies in Ethiopia (Bekele, 2005; Gebremedhin et al., 1999; Kassie et al., 2008b) . The results also show that soil bunds are associated with higher yields in the high-rainfall areas but this result is not robust in the OLS estimations. Positive impacts of SWC on crop yields -irrigation 0.000 * * * 0.000 * * * -draft power 0.000 * * * 0.000 * * * -traditional seed 0.000 * * * 0.000 * * * -improved seed 0.000 * * * 0.000 * * * -soil bunds 0.000 * * * 0.000 * * * -stone bunds 0.000 * * * 0.000 * * * -grass strips 0.000 * * * 0.000 * * * -water ways 0.000 * * * 0.000 * * * -trees 0.021 * * 0.000 * * * -contour 0.000 * * * 0.000 * * * -other SWC 0.000 * * * 0.114 -urea 0.000 * * * 0.000 * * * -dap 0.000 * * * 0.000 * * * -manure 0.000 * * * 0.000 * * * -compost 0.000 * * * 0.000 * * * (Continued) Interaction terms were excluded in the estimation due to lack of enough identifying instruments in the data.
have also been observed in agronomic studies in Ethiopia where stone bunds have been reported to have positive effects on water harvesting, runoff reduction, and crop yields (Nyssen et al., 2007; Vancampenhout et al., 2006) . Another interesting result from the mean functions is that in low-rainfall areas grass strips showed the largest significant production elasticity among SWC technologies. This evidence further supports earlier empirical findings by Shiferaw and Holden (2001) who found that grass strips showed the highest net benefits in low-rainfall areas of Ethiopia.
Irrigation is shown to have no independent effect on crop yields in low-rainfall areas, which is consistent with findings in Pender and Gebremedhin (2006) . Although counterintuitive, irrigation is independently negatively associated, with lower yields in high-rainfall areas. Incipient and extremely limited experience with irrigation in Ethiopia, poor technical design, lack of water, management factors, salinity, seepage, and poor drainage are all possible reasons for counterintuitive results of irrigation in high-rainfall areas (see e.g., Awulachew et al., 2005; Lemma, 2007; Tesfay et al., 2002) . The failure to identify an independent effect of irrigation may also be due to multicollinearity with plot quality factors like plot size. Finally, the small number of irrigated plots in the sample (4% of the plots) could also have resulted in a lack of statistical power to identify an independent irrigation effect on crop production. The results for irrigation should therefore be interpreted with caution.
However, when irrigation is combined with other SWC technologies, results show significant positive impacts on crop yields in both low-and high-rainfall areas. Irrigation coupled with contours is significantly associated with higher yields in low-rainfall areas, while its interactions with soil bunds, stone bunds, contours, improved seed, and fertilizer are associated with higher crop yields in high-rainfall areas. Thus, it appears that irrigation alone is not sufficient to increase crop yields and instead of investing in irrigation alone, farmers should exploit the complementarity between irrigation and other SWC technologies for irrigation is to have positive beneficial impacts on crop production in Ethiopia in both low-and high-rainfall areas.
Both improved seeds and traditional seeds are found to have robust positive significant impacts on crop yields in both lowand high-rainfall areas. Fertilizers, however, have differential effects with urea associated with higher yields and diammonium phosphate (DAP) associated with lower yields in lowrainfall areas. These results suggest that urea is more favorable in moisture-constrained environments than DAP. This finding is consistent with agronomic suggestions that urea is more effective in drier soils due to the reduced loss of nitrogen through denitrification, while the phosphorus in DAP becomes less available and less effective under similar conditions (Mckenzie, 2002) . Among the organic fertilizers, manure is associated with higher yields in low-rainfall areas while compost is associated with higher yields in high-rainfall areas.
Effects of SWC on variance of yield
The econometric results on the impact of different SWC measures on yield variance are presented in Table 5 . Although most SWC technologies have independent significant positive effects on mean yield in low-rainfall areas, surprisingly only soil bunds have an independent significant risk-reducing effect in these areas. On the other hand, all these SWC technologies (soil bunds, stone bunds, grass strips, waterways, and contours) have significant risk-reducing effects in the high-rainfall areas.
Both traditional and improved seeds have significant positive effects on increasing average crop production in both lowand high-rainfall areas, but they have different effects on the variance of crop production. Traditional seed is risk reducing in both low-and high-rainfall areas, while improved seed is only significantly risk reducing in high-rainfall areas. These results suggest that soil bunds and traditional seeds would be appropriate strategies to adapt to climate risk in low-rainfall areas, while improved seeds, traditional seeds, stone bunds, soil bunds, grass strips, waterways, and contours appear to be promising adaptation strategies in high-rainfall areas.
Although we do not find irrigation to have an independent risk-reducing effect under any rainfall regime, when coupled with contours it has a significant risk-reducing effect on crop Residual square of the production function is the dependent variable. * , * * , * * * : The difference is statistically significant at the 10%, 5%, or 1% level, respectively.
production in low-rainfall areas. In high-rainfall areas, irrigation is risk reducing when combined with contours, soil bunds, or stone bunds. This finding again underscores the importance of complementarity between irrigation and other SWC technologies if irrigation, as currently implemented, is to be a beneficial adaptation strategy. Inorganic fertilizers are risk reducing in high-rainfall areas and have no impact on production risk in low-rainfall areas, while organic fertilizers (manure) have a risk-reducing effect in low-rainfall areas. However, the combination of inorganic fertilizers with stone bunds has a risk-reducing effect in lowrainfall areas suggesting that stone bunds improve the performance of these fertilizers by increasing moisture retention. This finding again underscores the need for complementary technology packages for adaptation to climate risk in low-productivity areas.
Spatial heterogeneity in mean and variance effects
We find that the effects of SWC technologies on mean and variance of yield vary spatially across regions even within the same agroecology in Ethiopia (and likely as well in other countries with heterogeneous climate and agroecologies). Even differences in rainfall amounts across woredas in the same rainfall regime may affect production outcomes. We present regionally disaggregated results in Tables 6 and 7 for low-and high-rainfall regimes, respectively.
The results show significant differences in terms of the impact of various SWC technologies on production risk across regions within the same rainfall regimes. Within the low-rainfall regime, soil bunds are risk reducing in Amhara and Oromiya regions, but risk increasing in Tigray region, which is the driest area studied. Stone bunds, grass strips, waterways, and trees are only risk reducing in SNNPR region. Urea fertilizer is risk reducing in Tigray and Oromiya. DAP fertilizer is risk increasing in Tigray, again likely due to the relatively dry conditions in this area. On the other hand, DAP is risk reducing in SNNPR, which is relatively wetter and thus more conducive to fertilizer applications. Use of manure is robustly risk reducing in Tigray and risk increasing in Amhara. Use of traditional seed is risk reducing in Tigray and Oromiya, while improved seeds appear to have no risk effects in any region as observed earlier. Irrigation alone is risk increasing in Tigray, where many of the government-supported water-harvesting schemes have been implemented with mixed success. However, irrigation in Tigray becomes risk reducing in interaction with improved seeds and fertilizers, underscoring again the synergistic effect of combining technologies. These results are robust even after controlling for the major crop type on the plot.
Within high-rainfall areas, stone bunds are risk reducing in Amhara and Oromiya but not in BG. Soil The results clearly demonstrate spatial differences in the effects of SWC technologies on production risk even within the same rainfall regime (agroecology). There are several possible explanations for these mixed results. First, some woredas in SNNPR classified as "low rainfall" in fact receive more rainfall than other woredas in that category (with average annual rainfall closer to the cutoff point). In these woredas, runoff management techniques, such as waterways, grass strips, and trees are more effective during periods of intensive rainfall. On the other hand, such techniques are of limited risk reduction in very low-rainfall areas.
Second, regional heterogeneities within a given rainfall regime also may relate to differences in the physical and chemical properties of soil. The effectiveness of a particular fertilizer depends on the fertility of the soil and the availability of nutrients that the particular plant needs. A crop that needs more phosphorus (P), for example, would not respond to an application of nitrogen (N) until the P limitation has been met. In this case, where the soil is deficient both in nitrogen and phosphate requiring an application of equal proportion of both nutrients, Urea (N) would be risk increasing but DAP (N and P) risk reducing. On the other hand, if a plot has adequate P, then an application of Urea would be more effective than DAP. Moreover, N fertilizer can only increase yield when water requirements are met. If not enough water is available, N cannot reach the root of the plant. These examples illustrate how soil properties may affect the risk implications of different fertilizers across regions within the same rainfall regime.
A third source of regional variation relates to differences in farm and plot size. In regions where the distribution of land is highly fragmented, individual holdings are small and fertile land is scarce (e.g., Tigray). In these regions, the use of soil bunds (particularly Fanja juu) is risk increasing as it removes land out of production for construction, unless farmers plant crops or other trees on the bunds. Stone bunds also need some land, but less so than soil bunds. This may explain why stone bunds are more common in Tigray.
While the above factors are difficult to quantify and control in empirical estimation, they could explain variations regarding the mean yield and risk implications of manure, improved seeds, and physical SWC structures across regions within high-and low-rainfall regimes.
Conclusions and policy implications
This study investigated the effects of SWC technologies on crop production risk as a way of assessing their potential to mitigate the effects of climate change on crop variability using the Just and Pope stochastic production framework. The results have demonstrated that although most of the SWC investments have significant, positive mean impacts on yields in low-rainfall areas, not all show a correspondingly similar risk-reducing effect, which might explain their low adoption rates in these areas. In fact, we found significant differences in terms of the ability of various SWC technologies to mitigate yield variability in low-and high-rainfall areas. Moreover, the effectiveness of various SWC technologies depend on them being used on their own or as part of technology packages. For example, in low-rainfall areas, soil bunds, manure, and traditional seed have risk-reducing effects when they are used independently. On the other hand, irrigation and contours, fertilizers and contours, fertilizers and stone bunds, and improved seeds and fertilizer have risk-reducing effects only when they are coupled with each other. Similarly, inorganic fertilizer and irrigation only have independent risk-reducing effects in high-rainfall areas. However, when used together with other SWC technologies, they have risk-reducing effects in lowrainfall areas as well. Improved seeds only have risk-reducing effects in low-rainfall areas when used with both irrigation and fertilizer. Less intensive SWC technologies, such as grass strips, waterways, and trees, appear to be less effective at reducing risk in low-rainfall areas (except in SNNPR region). However, these technologies have widespread potential to reduce production risk in all high-rainfall regions. It is thus important for policymakers to consider technology packages instead of individual "best-bet" technologies when developing strategies to adapt to climate variability and change.
The large variability in results disaggregated by region suggests that a broad classification into high-and low-rainfall areas masks important differences across regions with regard to farm size, soil properties, farmer knowledge and capacity, and rainfall variations within the same classification.
In general, our empirical results have shown that SWC technologies have significant impacts on reducing production risk in Ethiopia and should form part of the country's climate-proofing strategy. However, the selection of these technologies (or grouping of technologies) should be location specific. Programs and development projects aimed at promoting SWC measures as part of a strategy to adapt to climate change should acknowledge and be aware of these spatial differences if their interventions are to have the expected impacts.
Our descriptive evidence of the overwhelming use of stone bunds and soil bunds in Tigray region compared to other parts of Ethiopia indicates that public programs like food-for-work programs and community labor mobilization, have been effective at promoting the adoption of these technologies. However, the use of such measures might have had less success for the construction of more complex structures, such as water-harvesting devices. This suggests that similar strategies can be applied in other regions to promote the adoption of appropriate SWC technologies in those areas as well, if appropriate extension services and knowledge support are provided. Such efforts could form part of the country's overall strategy to increase resilience of the agriculture sector in the face of threats imposed by climate change.
